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6 Living with landslides 
Key points 
1. Human interactions with landslides have become more frequent and 
lethal as our populations expand into less stable terrain. This trend 
suggests that we must better understand what causes landslides and 
how to mitigate future damage. 
2. Disturbances created by road construction, urban expansion, forestry, 
and agriculture are major contributors to anthropogenic landslides, 
and each has increased in frequency during the last several decades. 
3. The field of landslide risk assessment is growing rapidly, and many 
new mapping and modeling tools are addressing how to predict land-
slide frequency and severity. Mitigation of landslide damage is also 
improving, particularly when new landslides follow patterns similar to 
previous ones. Despite a broad understanding oflandslide triggers and 
consequences, detailed predictions of specific events remain elusive, 
due to the stochastic nature of each landslide's timing, pathway, and 
severity. 
4. Biological tools are valuable additions to efforts to mitigate landslide 
damage. Biological protection of soil on slopes and restoration of 
species composition, food webs, and ecosystem processes ultimately 
must supplement technological approaches to achieve long-term slope 
stability because biological systems are generally more resilient than 
man-made structures. 
6.1 Introduction 
Human lives have long been shaped by natural disturbances. Early human 
societies avoided predictable disturbances by moving to less disturbed 
lands. Such responses influenced early human migrations, as humans 
sought refuge from droughts, active volcanoes, glacial advances, and 
highly erosive slopes (Oliver-Smith & Hoffinan, 1999; Keys, 2000). 
Published in LANDSLIDE ECOLOGY (New York: Cambridge University Press, 2013), by 
Lawrence R. Walker (University of Nevada, Las Vegas) and Aaron B. Shiels (USDA  
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As human population densities increased and agrarian societies replaced 
hunter-gatherers, humans adjusted their behaviors to tolerate rather than 
avoid disturbances. Farmers sought fertile soils that were often in dis-
turbed habitats such as floodplains and on the sometimes unstable slopes 
of volcanoes covered with mineral-rich ash (e.g., Ilopango Volcano in 
EI Salvador or Mt. Etna in Sicily; Sheets, 1999; Pareschi et al., 2006; 
Chester et al., 2010; Box 6.1). Temporary evacuations during floods, 
eruptions, or landslides were followed by former residents returning 
to the original locations that had become fertilized with nutrient-rich 
sediments, ash, or topsoil. Humans developed numerous other strate-
gies to be able to live with natural disturbances, including modifying 
their dwellings (e.g., building on stilts), changing their diets (e.g., eating 
early successional plants and animals that colonized disturbances), and 
altering other behaviors (e.g., seasonal migrations to avoid droughts or 
winter storms). With the advent of industrial societies, anthropogenic 
disturbances have increased (see Section 6.4); at the same time, humans 
developed even more sophisticated ways to tolerate or defend against dis-
turbances that included architectural advances (e.g., better foundations 
to build on unstable, landslide-prone surfaces, levees to endure floods, 
and stronger infrastructures to resist earthquake damage). However, our 
phenomenal successes have led to more, rather than fewer, encounters 
with disturbances (del Moral & Walker, 2007). Global deaths due to 
landslides show an increasing trend: in the 1970s about 600 people were 
killed each year by landslides (about one out of every million) whereas 
by 1990, several thousand were killed each year (about 35 out of every 
million; Brabb, 1991). Rather than limit road building in mountains 
vulnerable to landslides, for example, we have continued to expand 
road networks into previously remote terrain to connect villages with 
markets, exploit mineral resources, extract forest products, or promote 
tourism, thereby triggering more landslides and placing more people in 
harm's way. Temporary evacuations still occur, as during recent land-
slides in Cameroon (Zogning et al., 2007). Similarly, urban expansion has 
not been adequately restricted in gullies, on hillsides, or on mountain 
slopes. This synergism of successful adjustments to disturbance, cou-
pled with our population explosion, has ironically resulted in an increase 
in the role of landslide disturbances in our lives rather than a decrease 
(Fig. 6.1; del Moral & Walker, 2007). In addition, we are now creating 
disturbances, which potentially increase landslide risks and range from 
local spatial scales (e.g., slope destabilization), to regional (e.g., deforesta-
tion, urbanization) and global scales (e.g., climate change). For example, 
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Box 6.1 Double trouble beneath Peru's tallest mountain 
The highest peak in the Peruvian Andes (Mt. Huascaran) is infamous 
for having spawned two destructive debris flows, one in 1962 and 
one in 1970. The 1962 debris flow originated at 6300 m a.s.l. from 
the failure of a hanging glacier due to a sudden warming of air 
temperatures. As it descended 4000 m in elevation in 5 minutes 
(maximum estimated speed of 170 km hour-i), it picked up rocks 
and debris, and then destroyed nine towns and killed 4500 people 
(Table 6.1; Schuster etat., 2002). Huge boulders were deposited at 
the base of the debris flow; the largest was 3600 m3 and weighed 
over 6000 tons. Lawrence visited the area in 1964 with his family 
to enjoy the mountain scenery, visit the open-air markets, and soak 
in some hot springs. The scar from the landslide was still a raw 
mark on the landscape, with rubble and buried ho.uses as well as 
bitter memories among the residents of their recent losses. Despite 
warnings of further instability, the same mountain eroded again in 
1970 when a 7.75 M earthquake struck off the coast of Peru. The city 
of Huaraz was leveled by the earthquake and thousands of landslides 
were triggered in a 30000 km2 area (Schuster et al., 2002); about 
70000 people died in that region from the earthquake and landslides. 
Disrupted glaciers on Mt. Huascaran again triggered a major debris 
flow, which killed 18000 people and wiped out the city ofYungay. 
The debris flow in 1970 also descended 4000 m in a few minutes 
and had such high speeds (up to 480 km hour-i) that it overtopped 
a 150 m high spur as it descended and created a destructive air-
blast that preceded it and demolished buildings (Rouse, 1984). Only 
about 300 people survived, including those who climbed a hilltop 
cemetery and children visiting a circus that was on relatively high 
ground. The 1970 debris flow also formed a temporary dam in the 
Rio Santa which soon burst, sending a destructive flood all the way 
to the ocean. Today, a new city of Yungay has been erected nearby 
but the old city remains buried as a memorial to those who died. 
The remains are marked by remnants of the original cathedral and 
four palm trees that survived in the original town square (Peruvian 
Times, 2009). 
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Fig. 6. 1. Human population growth leads to geographic expansion, and both of 
these changes increase anthropogenic disturbances, which in turn intensify natural 
disturbances and increase risks to human lives. Solid lines indicate a positive 
influence, dashed lines a negative influence. Modified from del Moral & Walker 
(2007), with permission from Cambridge University Press. 
higher air temperatures are increasing atmospheric moisture and poten-
tially increasing the frequency and magnitude of landslides in some parts 
of the world (Lateltin et al., 1997). New technical approaches are con-
tinually being developed to address our on-going encounters with both 
natural and anthropogenic disturbances. Local areas prone to earthquakes, 
hurricanes, volcanic eruptions, and landslides are monitored closely to 
improve forecasts and give people as much time to evacuate as possible. 
Landslide risk assessment is a well-developed field of study and addresses 
how to best live with landslides (Cruden & Fell, 1997; Alcantara-Ayala 
& Goudie, 2010). Unfortunately, localized erosion is harder to predict 
than weather patterns. Proactive approaches to minimize the negative 
effects of landslides on humans include mosdy unpopular but ultimately 
necessary tools such as removing ourselves from regions prone to land-
slides (e.g., tectonically active zones), relying less on infrastructures to 
deliver goods and services (e.g., roads that are vulnerable to sliding), and 
generally mimicking the avoidance patterns of our ancestors. Such a total 
rearrangement of human lives will not be easy, however, with a much 
larger human population. 
Landslides have affected humans for as long as they have lived in 
mountainous terrain. Some of the earliest records of landslides are from 
Asia. In Matsushima Bay, Honshu, Japan, a mega-landslide 6000 years 
ago led to the collapse of a coasdine covering 1 x 106 km2 • The many 
picturesque islands in the 150 km2 bay were created by the large deposits 
from that landslide. We have no direct evidence of the effects of such a 
landslide on the local human population but can imagine it was catas-
trophic, particularly because people of the dominant culture at that time 
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Gomon) relied heavily on coastal resources (Habu, 2004). In 1556, about 
800 000 people were killed by an earthquake and subsequent landslides 
in Shaanxi Province, China (Hou et al., 1998). During the last century, 
there have been many recorded deaths from landslides, with five that have 
killed> 10 000 people (Table 6.1). The human tendency to live in fertile 
valleys and along waterways results in many of the deaths attributed to 
landslides. Death tolls appear to be highest in regions with less developed 
hazard warnings and more fragile dwellings. In this chapter, we dis-
cuss how humans interact with landslides. We review how humans have 
survived, used, and caused landslides; then we cover the modern tools 
of management of landslide hazards, including prediction, mitigation, 
and restoration. In Chapter 7, we continue to explore landslide-human 
synergies at global scales. 
6.2 Humans are vulnerable to landslides 
Humans inhabit slopes for a variety of reasons, even when those slopes 
are unstable and prone to landslides. In addition to soil fertility, humans 
sometimes choose to live on unstable slopes because any future dangers 
are offset by the immediacy of scenic views, such as along coastal cliffs of 
California (U.S.). Economic hardship, high population densities, a need 
to expand farming to marginal lands, and ignorance about potential 
dangers can also compel humans to reside on unstable slopes. Many 
residents of Caracas, Venezuela, and Rio de Janeiro, Brazil live on hill 
slopes because that is the most affordable location to live and still be close 
to the city and employment opportunities. Residents of suburban areas 
northeast of Los Angeles, California live at the base of the landslide-prone 
slopes of the San Gabriel Mountains (DeBiase etal., 2010). Although 
their wealth is much greater than that of the residents of Caracas and 
Rio de Janeiro, costs, and concerns about the quality of life in the city 
(e.g., crime, air pollution, lack of open space) have driven them to the 
mountains. Ignorance of potential landslide dangers is common, partic-
ularly where landslides are not recent and evidence of old landslide scars 
may not be apparent to most people. House buyers may not be informed 
about floods, drainage patterns, or the earthquake history of the area. 
Hills may be considered a scenic plus rather than a potential danger. Even 
when a house buyer is informed of potential (geological) risks, other 
factors (e.g., price, scenic views, overall quality of neighborhood, prox-
imity to good schools and work) may override what is seen as acceptable 
risk of a possible landslide. Whether poor or rich, obligated to living in a 
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Table 6.1. A sample of large and lethal landslides in the past 100 years, in 
decreasing order by volume of displaced material (when known). LArger death 
tolls are estimates. Where landslides were complex, type represents the most 
common process 
Volume (106 m3) Location and cause Type Date Deaths 
2800 Mount St. Helens, U.S. Debris flow 1980 5 
(volcanic eruption) 
2000 Usoy, Tajikistan Rock avalanche 1911 54 
(earthquake) 
2000 Rio Barrancas, Argentina Debris flow and flood 1914 None 
(reservoir failure) 
1800 Papua, New Guinea Debris flow 1988 74 
(earthquake) 
1600 Huancavelica, Peru Debris avalanche 1974 450 
(rainfall, erosion) 
450 Yunnan, China Rock slide 1965 444 
(unknown) 
300 Longarone, Italy (reservoir Rock slide 1963 1899 
failure) 
200 Papua, New Guinea Debris avalanche (dam 1986 None 
(earthquake) failure) 
>150 Sichuan, China Debris slide 1933 9300 
(earthquake) 
75-110 Napo, Ecuador Rock and debris slide 1987 1000 
(earthquake) 
60 Nevado del Ruiz, Debris flow 1987 23000 
Colombia (volcanic 
eruption) 
30-50 Yungay, Peru (earthquake) Debris avalanche 1970 18000 
35 Gansu Province, China Rotational slump 1983 227 
(rainfall) 
30 Rocky Mountains, Rock slide 1903 70 
Canada (snowmelt and 
mining) 
27 Cauca, Colombia Debris flow 1994 271 
(earthquake) 
25 Rio Paute, Ecuador Rock slide 1993 None 
(rainfall, mining) 
21 Utah, U.S. (snowmelt and Debris slide 1983 None 
rainfall) 
15-20 Vargas, Venezuela (rainfall) Debris flow 1999 15000 
15 Leyte Island, Philippines Rock slide and debris 2006 1100 
(earthquake) avalanche 
13 Mt. Huascacin, Peru (ice Rock and debris avalanche 1962 4500 
and rock avalanche) 
Unknown Gansu Province, China Sediment flow 1920 180000 
(earthquake) 
Unknown Caracas, Venezuela Debris flow 1999 30000 
(rainfall) 
Sources (where further examples can be found) include: Hansen (1984b), Schuster (1996a, 
1996b), Schuster et al. (2002), Sidle & Ochiai (2006), Evans et al. (2007), Fort et al. (2010), and 
http://www.landslides.usgs.gov. 
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landslide-prone area or choosing to, many humans still suffer the 
consequences of landslides. Sometimes it is just bad luck when one lives 
near a historically stable slope that erodes due to a particularly iptense 
earthquake or rainstorm or new land use practice up slope. In 1985, 
Tropical Storm Isabel caused 2 days of intense rain in Puerto Rico, 
resulting in a landslide in Ponce killing more than 120 people - the 
highest loss of life from a landslide in the U.S. Gibson, 1989; Larsen & 
Torres-Sanchez, 1998). 
Submarine landslides that can cause devastating tsunamis are a potential 
risk for coastline inhabitants. Drilling platforms can also be at risk when 
their foundations are disrupted by submarine landslides (Bea, 1971; Bea 
et al., 1983). Harbor facilities are vulnerable for several reasons. Typically, 
they are built on deltas where sedimentary deposits are inherently unstable 
and prone to collapse (Hampton etaZ., 1996). Fjords and other steep-
walled shorelines are also popular for harbors because they provide deep-
water anchorage for large boats. Harbor facilities are typically constructed 
on unconsolidated fill, which is particularly vulnerable to earthquakes 
and the landslides and tsunamis that earthquakes generate (Prior et al., 
1982). The damage can be through shaking, flooding, or the loss of 
hydrostatic support during a tsunami drawdown (Hampton et al., 1996). 
Finally, extensive harbor development, including support structures and 
even urban development, destabilizes already unstable deltas or steep 
shorelines with added mass. Similar concerns occur around newly filled 
(or emptied) reservoirs where shifting hydrostatic pressures can cause 
slope instability (Gunther et al., 2004). 
A final category of people exposed to landslides includes professionals 
and outdoor enthusiasts who willingly expose themselves to the risk 
of a landslide. The former include miners, geologists, volcanologists, 
ecologists, and construction crews, while the latter include rock climbers, 
skiers, and hikers. For them, the risks are offset by the reward of their 
jobs or recreational activities. 
6.3 Humans use landslides 
For those living in landslide-prone regions, there are many ways to co-
exist with and even benefit from landslides. Landslides increase habitat 
heterogeneity and biodiversity (see Chapters 4 and 5), both of which 
potentially provide benefits to humans. For example, hunters often pur-
sue wild game attracted to the productive, early successional plants that 
grow on landslides. This same suite of plants also attracts berry pickers, 
those needing firewood or fodder for livestock, and seekers of decorative 
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ferns or horsetails (Equisetum, L. Walker, pers. obs.) and medicinal plants 
such as scrambling ferns (Robinson etal., 2010). Residents of small farms 
adjacent to a large (3 km long) landslide in Nicaragua remove Trema 
micrantha trees for firewood from the landslide (Velazquez & Gomez-Sal, 
2008), harvest medicinal plants, and access drinking water from springs 
in the upper portion of the landslide (E. Velazquez, pers. comm.). Fire-
wood is also harvested from landslides in Costa Rican cloud forests 
(Alnus acuminata trees; Kappelle et al., 2000) and medicinal plants from 
landslides in the Himalayan Mountains of Pakistan (Khan et al., 2011) and 
India (Uniyal et al., 2000). In India, where medicinal plants such as Nar-
dostachys grandiflora and Rheum moorcniftianum are abundant on landslides, 
they are harvested whole for personal use by indigenous people and for 
sale in local markets (Uniyal et al., 2000). However, high demand for 
these plants, in addition to grazing by domesticated sheep and goats, has 
reduced their abundance. These ongoing anthropogenic uses can alter 
rates and trajectories of landslide succession (Lundgren, 1978) and must 
be considered in any regional restoration effqrts. 
Humans also use landslides for intellectual, recreational, and aesthetic 
activities. Geologists use landslides to study faults and rock strata (see 
Box 3.2), while ecologists examine successional responses to landslides 
and explore how they function as gaps in a larger matrix (see Chapters 
2 and 5). Sometimes, scientists use landslide deposition zones as heli-
copter landings in dense forests in New Guinea (Diamond etal., 1999) 
and Hawaii (A. Shiels, pers. obs.). Cliffs and associated talus slopes are 
also used recreationally by bird watchers, rock climbers, and hikers (Kra-
jick, 1999), sometimes to the detriment of plant and animal communities 
(Camp & Knight, 1998; Farris, 1998; McMillian & Larson, 2002). Land-
slides also provide an aesthetic variety to mountain landscapes, especially 
when the foliage of plants such as aspen (e.g., Populus tremuloides) stands 
out as light green in spring and summer or yellow, orange, and red in the 
autumn. 
6.4 Humans cause landslides 
Humans cause landslides both deliberately and unintentionally. Landslides 
are deliberately created when engineers want to stabilize slopes (e.g., road 
cuts, edges of urban lots), create dams, or study the process of lands lid-
ing. S~veral attempts have been made to cause liquefaction of coastal 
sediments to understand how coastal construction might be affected. In 
one such effort in Lake Melville, Canada, 1200 kg of explosives were 
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Fig. 6.2. Landslides often close mountain roads in high rainfall areas such as in the 
Luquillo Mountains of Puerto Rico. Photograph by A.B. Shiels. 
used but caused little displacement of sediments (Couture et al., 1995; 
Locat & Lee, 2002). In another example, the edge of an old quarry 
was destabilized by deliberately increasing pore pressure at the base of 
the slope to follow the movement of the subsequent landslide through 
inclinometers that had been inserted into the slope (Cooper et aI., 1998). 
Managers of ski areas often trigger snow avalanches to make slopes safer 
for skiers (Tremper, 2008). However, most anthropogenic causes ofland-
slides are unintentional and are the consequences of various types ofland 
use. In this section, we discuss how various forms of land use trig-
ger landslides, including construction (e.g., roads, railroads, mines, and 
urbanization), species removals and additions (e.g., forestry, agriculture, 
non-native species, and failed erosion control efforts), fire, and tourism. 
6.4.1 Construction: roads, railroads, mines, urbanization 
Construction of roads and railroads is perhaps the most common way 
that humans cause landslides (Fig. 6.2). Road construction creates land-
slides by undercutting slopes, reducing root stabilization, adding unstable 
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Bedrock 
Cutbank seepage ,~~~~~~§~ Potential slump or 
sl ide at cutbank 
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Fig. 6.3. Road effects on slope stability and drainage. Modified from Sidle & 
Ochiai (2006) with permission from The American Geophysical Union. 
fill to a slope, and altering slope morphology and hydrology (Fig. 6.3). 
These actions alter the balance at a slip plane between the driving and 
resisting forces (see Chapter 3). The depth beneath the surface of any 
impermeable layer of soil or bedrock relative to the depth of the road 
cut will influence how much subsurface flow is intercepted by the road 
cut, with exposed bedrock intercepting the most flow (Sidle & Ochiai, 
2006). Roads on ridges can increase overland flow down slope by reduc-
ing absorption by soil and roots; roads in the middle of slopes and in 
valleys intercept both over land and subsurface flow. Concave slopes and 
roads in valleys with inadequate or poorly maintained drains also tend 
to intercept and divert overland flow and subsurface flow from wetlands 
(Forman et ai., 2003). Concentrated overland flow from drains, how-
ever, can trigger landslides below the road and alter stream volumes, so 
drainage management becomes a concern for the entire slope that a road 
cut crosses (Montgomery, 1994; Wemple et ai., 1996, 2001). 
Regionally, roads increase soil erosion (Sidle et aI., 2006), restruc-
ture biotic communities, and alter such ecosystem processes as the flow 
of nutrients and water (Shiels et al., 2008). Landslides are frequent and 
problematic along roads in humid and mountainous terrain (e.g., Nepal; 
Petley et al., 2007), but can also be present in other types of terrain, par-
ticularly when roads cut through clays, shales, and other unconsolidated 
rocks (Forman et al., 2003). Well-studied examples of road effects on 
erosion come from India, Puerto Rico, and the north-western U.S. In 
northern India, landslides caused by intense monsoonal rains are frequent 
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hazards along roadsides (Bansal & Mathur, 1976); an estimated 550 m3 
km-1 year- t of debris is removed from roadsides (and added to down 
hill slopes; Haigh et al., 1988), and landslides affect about 60% of tlle road 
edges. Similarly, in one study in the Luquillo Mountains in Puerto Rico, 
landslides from the last 50 years were analyzed with GIS to determine 
their relationship with roads. Along 268 km of roads in this 276 km2 trop-
ical forest region, Larsen & Parks (1997) found 1859 landslides within 
350 m distance from a road, or about seven landslides km -1 of road. The 
proximity to a road directly influenced landslide abundance; landslides 
were 2.5 times more frequent and six times more severe within 100 m 
of a road than between 100 and 350 m from a road. About 25%-50% of 
all fluvial sediments that erode from the Luquillo Mountains come from 
landslides (about 110 of a total of 200-400 metric tons km-2 year-1). 
Most landslide sediments (94 tons) come from landslides within 100 m 
of a road (Larsen & Parks, 1997). In the northwestern U.S., about half of 
several thousand landslides examined were associated with roads (Mont-
gomery, 1994). For many decades, sediment production from landslides 
associated with unpaved roads in this region exceeded sediment from 
forests without roads (Reid & Dunne, 1984; Forman etal., 2003). In 
addition, one survey noted that landslide damage occurred along 20% of 
the entire road system in the U.S. between 1985 and 1990 (Walkinshaw, 
1992), costing the government $142 million in repairs. Other regions that 
have reported high costs of road maintenance due to landslide damage 
include California, the Caribbean, Japan, China, Ecuador, Switzerland, 
and Turkey. Even the best-constructed and maintained roads can fail, and 
can sometimes lead to fatalities where they were least expected (Sidle & 
Ochiai, 2006). 
Landslides along railroads are caused by the cut or fill associated with 
railroad construction and can affect both passengers and maintenance 
crews. Sometimes, however, roads and railroads are damaged by land-
slides unrelated to the transportation corridor. For example, the 1903 
Frank Slide in the Canadian Rockies was due to freeze - thaw cracks 
in limestone, but destroyed a section of a railroad and a mine situated 
further down slope, killing 70 people (see Box 3.1). Similarly, in 1953 
in Tangiwai, New Zealand, a rapid debris flow from Ruapehu Vol-
cano weakened a bridge just before a train crossed it, resulting in the 
death of 151 people (Box 6.2; Stewart, 2004). Occasionally, trains have 
been able to outrun landslides, as was the case on Mt. Stephen, British 
Columbia in 1937, when a train narrowly escaped a debris flow (Evans 
et al., 2002). Transportation corridors through forests generally increase 
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Box 6.2 The Christmas Eve disaster in Tangiwai, New Zealand 
On Christmas Eve, 1953, a night train full of holiday passengers was 
heading north from Wellington to Auckland on the North Island of 
New Zealand. As the train approached the hamlet ofTangiwai and a 
bridge over the flooded Whangaehu River, a lone motorist, realizing 
the danger, desperately signaled to the train to stop. Apparently, 
the driver did try to stop the train, saving many in the back, but 
five railroad cars and the engine raced onto the bridge, which then 
collapsed, sending 151 people to their deaths. Minutes before the 
train arrived, a volcanic debris flow (lahar) containing water, ice, 
rocks, mud, and uprooted trees had raced down the Whangaehu 
River Valley and weakened the bridge. A volcanic ash dam had 
broken from pressure due to an increase in water levels inside the 
crater lake on nearby Ruapehu Volcano. This tragic confluence of 
train and debris flow remains one of the worst train disasters in 
history. The poignant tale of rescue efforts and disrupted lives is 
the subject of several books and documentaries (e.g., Stewart, 2004; 
Grant, 2012) and lots of speculation. Did a bridge trestle weakened 
in a 1925 debris flow cause the bridge to fail? What if the debris flow 
had occurred minutes earlier or the train had been running just a 
few minutes faster that night? Ruapehu Volcano has been triggering 
debris flows for thousands of years, with 50 recorded since 1861 and 
several since 1953 (Lecointre etal., 2004; Graettinger etai., 2010). 
Warning systems have been installed up slope from railroad and road 
crossings, and functioned effectively to save vehicles and trains from 
any damage during a 2007 debris flow. 
landslide erosion by two orders of magnitude compared to undisturbed 
forests (e.g., from 30 to 300 times more in the Cascade Range in Oregon, 
U.S.; Swanson & Dyrness, 1975) and about one order of magnitude more 
than clear cuts (O'Loughlin & Pearce, 1976; Sidle & Ochiai, 2006). 
Clearly, roads and railroads are major causes of anthropogenic landslides. 
Mining involves the creation of roads for access and transport, but can 
also destabilize slopes through the excavation of tunnels and pits, piling 
of wastes, and impeding drainage. Open-pit mines, including rock and 
sand quarries, are susceptible to rain-induced erosion Gohnson & Rodine, 
1984; Wang et ai., 2011), while underground mines are eroded by ground 
water and subsidence (Oh et ai., 2011); both types are vulnerable to 
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earthquake-induced landslides (Moreiras, 2004; Koner & Chakravarty, 
2011). Mining activities can destabilize existing slopes through blasting, 
undercutting, or overloading them. Mines can also alter surface chem-
istry and texture in ways that do not promote the growth of stabilizing 
vegetation (Courtney & Mullen, 2009). Dams created intentionally to 
provide water for mine activities or unintentionally by piling of mine 
wastes can fail and cause debris flows, sometimes rather spectacularly as 
has occurred in Spain (L6pez-Pamo et ai., 1999), Romania (Bird et aI., 
2008) and Greece (Steiakakis et ai., 2009). When landslide-caused dams 
fail, there can be similar results (see Section 2.2.1). Mining activities fre-
quendy lead to deaths from landslides (Sidle & Ochiai, 2006), but regula-
tions for stabilizing mined slopes in many countries have reduced recent 
fatalities. Mines are important triggers of landslides across large regions, 
although the exact extent of mine-related landslides is not clear. Approx-
imately 8% of landslides in one region of West Virginia (U.S.) were 
associated with mine waste piles, and landslides affected 6% of a mined 
outcrop in Kentucky (Sidle & Ochiai, 2006). Sometimes active mines are 
affected by past mining activities, as was the case of the rockslide-debris 
flow in Wulong, Chongqing (China) in 2009 (Xu et al., 2009). Failure 
of a karst slope along a layer of shale, influenced by past mining in the 
region, led to a massive (about 5 x 106 m3) debris flow and the trapping 
of miners in an active mine. 
Construction of buildings in urban areas may also lead to local desta-
bilization, particularly when it occurs on sloped terrain in high rainfall 
climates and where population densities are high (Slaymaker, 2010). 
Additions of buildings or other structures (e.g., walls, dams, bodies of 
water) to a slope can be destabilizing due to the added weight, partic-
ularly when combined with new road construction. Many urban slopes 
are overloaded by concrete block walls, houses, lawn watering, leaky 
water pipes, septic systems, construction of building pads, and unstable 
fill of excavated material, and are therefore at increased risk of sliding 
(Fig. 6.4). Increased surface runofffrom impermeable streets can concen-
trate in vulnerable areas and trigger landslides. Fill material is particularly 
vulnerable to sliding when it is poorly compacted and contains organic 
matter because water readily infiltrates and increases the weight or pres-
sure on the potential slip plane. Because poorly compacted fill material is 
relatively porous, it is also susceptible to earthquakes, with the height and 
width of the fill influencing the extent of erosion (Kamai et aI., 2004). 
Urban slopes often lack stabilizing vegetation (Fernandes et ai., 2004). 
Finally, as with road cuts, any excavation into a slope, particularly one 
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Fig. 6.4. Urban and residential influences on slope stability. From Sidle & Ochiai 
(2006) with permission from The American Geophysical Union. 
composed of inherently unstable clays, will increase instability (Sidle & 
Ochiai, 2006). 
Along the coast near Los Angeles, an infamous but slow-moving land-
slide called the Portuguese Bend Landslide illustrates the effects of urban 
land use on slope stability. Part of a much older landslide system, the 
instability of this region was exacerbated in the 1950s by road building 
and deposition of construction material, as well as by alteration of ground 
water conditions from urban development. Drainage wells were installed 
to remove ground water, but the land still moved about 200 m toward 
the coast at rates of 0.3 to 2.5 cm day-l (Ehley, 1986; Keller, 1996). 
Adjustments to this type of steady erosion include frequent attention to 
broken above-ground utilities, repositioning of houses with hydraulic 
jacks, and a ban on further development (Keller, 1996). 
The expansion of urban areas into sloped terrain is a questionable 
proposition because it risks both property and human lives. Conditions 
are particularly conducive to landslides in low-income areas that tend 
to have poorly built structures and often lack proper water supplies, 
drainage, and waste disposal (Smyth & Royle, 2000). In Rio de Janeiro, 
the famous rock spires and steep hills were originally forested but now are 
mostly denuded due to logging, agriculture, and urban sprawl. Frequent 
landslides plague this city and occur regularly during periodically intense 
rains Oones, 1973). In February 1988, 12 cm of rain in 4 hours caused 
numerous landslides that killed about 90 people, mostly in towns on the 
steep slopes (Keller, 1996). Similarly, just one large, earthquake-triggered 
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landslide killed almost 600 people when it swept through a low-income 
residential area in Santa Tecla, El Salvador in 2001 (Evans & Bent, 2004). 
Low-income communities are vulnerable in many other cities as well 
(e.g., Hong Kong, Kingston (Jamaica), and Dunedin (New Zealand); 
Sidle & o chiai , 2006). Wealthier residents also reside on steep slopes 
for aesthetic or cultural reasons (see Section 6.2). Coastal cliffs are also 
popular but expensive places to live. About 60% of sea cliffs in southern 
California are affected by landslides (Keller, 1996) and many of these 
cliff habitats are within the zone of urban expansion. Construction of 
waterfront structures destabilizes coastlines through damage to stabilizing 
reefs, dunes, and the excavations needed to build docks, dikes, canals, 
bridges, and dams (Bush et ai., 2009; Walker, 2012). River floodplain 
construction can also divert the course of a river and lead to new cut 
banks and erosion. 
6.4~2 Species removals and additions: forestry and agriculture 
Land use involves manipulations of natural ecosystems through species 
removals or additions. Both forestry and agriculture usually involve 
changes in species composition and density that can have both positive 
and negative effects on slope stability, depending on the relative change 
in root and canopy characteristics or flammability (see Section 6.4.3). 
Removal of trees and other vegetation can destabilize slopes by the loss of 
a protective cover to intercept rain, by increased soil water from reduced 
evapotranspiration, and by damage to stabilizing root systems (plate 15; 
Sidle & Ochiai, 2006). Landslide sediment inputs generally increase sev-
eral fold in clear cut forests compared to background rates in unlogged 
forests (Sidle et aI., 1985; Clarke & Walsh, 2006) and peak about 5-6 years 
after deforestation when decomposing tree roots no longer bind the soil 
and their root channels maximize infiltration (Alexander, 1993). Logging 
activities (both roads and clear cuts) on unstable slopes can cause more 
landslides than when done on more stable slopes (Swanson & Dyrness, 
1975); and logging slopes at short intervals (e.g., < 25 years) can lead to 
more landslides than logging at longer intervals (> 25 years; Imaizumi 
et aI., 2008). Increased susceptibility to landsliding following logging typ-
ically lasts several decades but declines during that time interval (Sidle & 
Wu, 1999), perhaps due in part to greater root growth during the longer 
intervals between logging events (Sidle et ai., 2006). Landslide frequency 
can be reduced by low-impact helicopter-based logging compared to 
conventional, cable-based, clear-cut logging, but the effect can be less 
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pronounced in gullies than on open slopes (Roberts et al., 2005). Partial 
clearing does not generally increase landslide rates, probably because of 
the stabilizing influence of remaining trees and relatively undisturbed 
ground cover vegetation (Sidle & Ochiai, 2006). Deforestation also can 
have long-term effects in drainages because landslides alter the rate and 
content of woody debris that enters streams. Clear cutting provides a 
short-term increase in smaller debris that enters streams, but tends to 
decrease overall large woody debris inputs for decades (Potts & Ander-
son, 1990; Millard, 2000). Woody debris has a central role in providing 
habitats and nutrients for stream organisms (Gomi etal., 2002), and there 
is usually a succession of stream invertebrates that respond to decreas-
ing levels of woody inputs from forest clear cutting and debris flows 
(Kobayashi et a!., 2010). Scouring of stream beds by landslide sediments 
tends to have more deleterious than positive effects on aquatic organ-
isms because it removes benthic organic matter and aquatic vegetation 
and results in decreased biodiversity (Crozier, 1986; Cover et al., 2010). 
However, rapid growth of disturbance-adapted trees along riparian cor-
ridors can reverse some of these processes (D'Souza et a!., 2011). 
Conversion of natural forests to timber crops (Fig. 6.5) mayor may not 
destabilize slopes, depending on the resultant root and canopy structure 
and forest age (Pain & Bowler, 1973; Crozier etal., 1981; Sidle eta!., 
2006), as well as harvest rotation schedules (Imaizumi et ai., 2008) and 
root decay rates (Schmidt et a!., 2001). Sometimes the change in erosion 
rates from forest transitions can be extreme, as when replacement of native 
Nothofogus spp. forests in New Zealand by Pinus radiata plantations led to 
a 40-fold increase in erosion volume and a 20-fold increase in landslide 
density. Pinus radiata has weaker roots than Nothofogus and its roots fail 
to penetrate the sandstone substrate where it is grown (O'Loughlin & 
Pearce, 1976). Abandonment of plantation forests or other tree crops can 
also lead to erosion, particularly when there is a period oflow vegetation 
cover or the new cover is less effective at preventing erosion (Ghestem 
et al., 2011). Fruit crop abandonment on slopes in Spain led initially 
to higher erosion rates despite increased vegetative cover because the 
colonizing grasses had shallower roots than the fruit trees (Cammeraat 
et a!., 2005; see Section 5.2.4; Fig. 5.8). 
Conversion of forests to herbaceous crops is likely to decrease over-
all root strength (Fig. 6.5). However, effects on soil erosion depend on 
the magnitude, rate, and timing of the conversion. Traditional shifting 
agriculture, where forests are removed and burned to provide light and 
nutrients for temporary agriculture, generally is more destabilizing than 
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Fig. 6.5. Suggested effects of various forest conversions on relative root strength: 
timber harvest followed by forest regeneration; timber harvest followed by 
conversion to agroforestry with plantations; and timber harvest followed by 
conversion to grassland. Modified from Sidle & Ochiai (2006) with permission 
from the American Geophysical Union. 
logging - in part because it removes both protective ground cover and 
soil nutrients and thereby delays forest recovery (Perotto-Baldiezo et al., 
2004), although generalizations must account for the magnitude of the 
disturbance. Shifting agriculture can be less disruptive when it is prac-
ticed at smaller scales than logging. Forest conversion to crops such as 
potatoes (India), tea (India and Japan), and corn (Honduras) has been 
associated with increased sediment loss (Sidle & Ochiai, 2006). Some-
times deforestation is linked to the growing of illicit crops such as coca 
leaves in Colombia, which can result in increased landslide occurrence 
(Lopez-Rodriguez & Blanco-Libreros, 2008). Harvesting peat for fuel 
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or sod for landscaping also destabilizes slopes. Agricultural conversion 
does not always result in more landslides, particularly when there is little 
burning, and weeds are mulched on site (Lundgren, 1980). Similarly, 
rates of sediment loss will depend on the type of cover a crop provides. 
Sidle et al. (2006) observed higher rates of erosion from secondary bam-
boo forests than from coffee plantations in Sumatra. Terracing, used for 
centuries to maximize agricultural productivity on slopes, can reduce 
erosion compared to slopes without terraces. However, terraces are also 
often associated with landslides when they concentrate water (e.g., on 
flooded rice fields) or are not properly made or maintained. Sediments 
dislodged from terraces often remain on the slope, but are just redis-
tributed to lower terraces (Shresta et aI., 2004). 
When forests are converted to pasture, sediment loss from landslides 
often increases (Plate 16; Heshmati etal., 2011), presumably due largely 
to the shallower roots of grasses but also potentially due to other factors, 
including increased fire frequency or decreased interception and uptake of 
precipitation by vegetation. Grazing, like logging and intensive agricul-
ture, usually involves indirect loss of the topsoil and lower soil layers from 
reduced plant cover, as well as direct loss or destruction from trampling, 
plowing, and the use of heavy machinery. Soil compaction reduces water 
infiltration and sustained grazing can have cumulative and destabilizing 
effects on slope stability. New Zealand and Iceland are examples where 
historically recent conversions from forests to grasslands have resulted in 
extensive erosion (Walker & Bellingham, 2011). In New Zealand, Euro-
pean settlers converted many forested hillsides and native grasslands to 
pastures of grasses of European origin. This conversion, which happened 
very rapidly, led to deforestation of 50% of the country between 1840 
and 1940, supported in part with rock phosphate from the nearby island 
Republic of Nauru in Micronesia to offset phosphorus-deficient soils 
(Walker & Bellingham, 2011). Overgrazing by sheep and cattle further 
exacerbates erosion and can increase landslide frequency and severity 
(Glade, 2003). Another pasture grass addition that has altered landslide 
dynamics is Hyparrhenia rufa, which was introduced to Central America 
from its native Mrica for cattle fodder; it now dominates many landslides 
in the region (Velazquez & G6mez-Sal, 2007, 2009b). Its adaptation to 
frequent fires has led to arrested landslide succession, fewer trees, and 
presumably increased erosion on landslides due to less root stabilization 
by trees (see Chapter 5). Seasonal sediment loss can increase if annuals 
replace perennials, or if scattered trees replace dense understory species 
(Versfeld & van Wilgen, 1986; Walker & Smith, 1997). When grasslands 
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are reconverted to forests, sediment and carbon losses can decrease, but 
there can also be potentially undesirable reductions in biodiversity and 
stream flow (Whitehead, 2011). 
How land use affects slope stability depends on the intensity of a dis-
turbance as well as on climatic factors. The landscape conversion from 
forest to agriculture took millennia in Europe and Japan (Kerr, 2000; 
Stringer, 2006), but as agricultural societies expanded and became more 
efficient at forest destruction, conversion rates accelerated. For example, 
the forests of Iceland and many forested regions in the Hawaiian Islands 
were converted to agricultural uses within only a few centuries after 
the arrival of humans (Walker & Bellingham, 2011). Current rates of 
conversion to agriculture across wide swaths of humid tropical forests 
are in the order of years (Larsen & Santiago Roman, 2001). Deforested 
slopes are particularly susceptible to landsliding in the humid tropics with 
shallow soil development and frequent rains. In one 26.4 km2 watershed 
in eastern Puerto Rico, an estimated 2000 landslides have occurred since 
forest clearing and farming began in 1820 - the equivalent of 80 land-
slides km-2 every 100 years (Larsen & Santiago Roman, 2001). Many 
of the farms were small and intensively cultivated, often on steep slopes. 
The sediments from all these landslides not only depleted soil fertility and 
delayed recovery, but also degraded freshwater and marine environments. 
At the peak of deforestation in the 1940s, nearly the entire original forest 
cover was lost in Puerto Rico, but subsequent urbanization, industrial-
ization, and emigration resulted in large-scale abandonment of farms and 
recovery of almost half of the original forest cover (Grau et al., 2003). 
This reforestation, from 9% to 37% of the island's area between 1950 
and 1990, was the fastest reforestation in the world during that period 
(Rudel et aI., 2000). Unfortunately, landslides still continue on Puerto 
Rican slopes and soil and forest recovery on landslide scars will likely 
take many more decades (Larsen & Santiago Roman, 2001). 
6.4.3 Fire 
Human-induced fires cause landslides and fire frequency and intensity 
have been increased by human activities, including fires set for clear-
ing vegetation or burning refuse following logging or agriculture. In 
Nicaragua, fires that were used to clear agricultural fields often escaped 
and burned the vegetation on a nearby landslide, thereby altering suc-
cessional trajectories (see Section 5.2.3; Velazquez & Gomez-Sal, 2008, 
2009b) as noted above. Humans also purposefully ignite fires to change 
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vegetation composition and promote grasslands for animal fodder. The 
most obvious effect of fire on slope stability is the destruction of stabi-
lizing vegetation by the removal or reduction of canopies, ground cover, 
and roots. Over longer periods, roots decay and increase infiltration 
rates. Fires also increase water-repellent properties in some soils (DeBano, 
2000), which may either increase landslide frequency by promoting over-
land flow or decrease frequency by reducing infiltration (Sidle & Ochiai, 
2006). Burning intervals influence the severity of erosion; maximum 
erosion is likely to occur when fires burn often enough that large or 
extensive roots cannot get re-established (Rice et al., 1982). Fires can 
also promote down slope movement of individual soil and rock particles 
(dry ravel) because of the loss of cohesion with organic matter (Sidle 
et al., 2004). Dry ravel is particularly common on granite substrates and 
sometimes affects debris flows in drainage channels (Cannon et al., 2001). 
When fires on hillsides increase sediment and debris inputs into drainage 
channels, they increase surface roughness (decreasing overland flow) and 
debris mass (potentially destabilizing channel basins). Large storms fol-
lowing fires can result in debris flows that widen drainage channels by 
triggering landslides along the channel edges. Fires can also remove built-
up debris in channels and thereby destabilize stored sediments. Debris 
flows and drainage channel morphology are therefore potentially affected 
by fires; the extent to which they are altered depends on the timing and 
intensity of the rainfall relative to each fire (Sidle & Ochiai, 2006). 
6.4.4 Tourism 
Tourism is another human activity associated with landslides. Localized 
erosion is promoted by construction of vacation homes, hotels, and 
ski areas and the roads needed to access them. Recreational impacts 
that contribute to erosion include deforestation for ski trails and golf 
courses, heavy use of trails (sometimes by pack animals), rock climbing, 
and off-road vehicle use (Webb et al., 1978). Fires triggered by outdoor 
enthusiasts or arsonists all contribute to localized erosion (Sidle & Ochiai, 
2006; Sidle, 2010). Hiking trails over steep terrain afford access to remote 
beaches and coastlines, but sometimes require hikers to traverse landslides 
(Fig. 6.6). Interactions of multiple factors accelerate erosion more than 
single factors. For example, ski trails in Poland eroded two to three times 
faster when they were also the site of summer hiking trails (Lajczak, 
2002). Regions such as the Pakistani Himalayas are experiencing grow-
ing resident and tourist populations, which both contribute to an already 
high frequency oflandslides (Rahman et al., 2011). Residents and visitors 
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Fig. 6.6. A popular trail crosses landslides on the north shore of Kauai, Hawaii. 
Photograph by A.B. Shiels. 
both impact slopes in Malaysian cloud forests, particularly through road 
construction and house building on steep slopes (peh etal., 2011). Sim-
ilarly, increasing tourism in mountainous Turkey is a potential threat 
to slope stability (Kurtaslan & Demirel, 2011). Sometimes recreational 
plans are altered to accommodate landslides. In the ski town of Vail, 
Colorado, buildings from the 1960s, when avalanche predictions were 
not well developed, have been removed from predicted avalanche chutes. 
Those chutes are now used as parks in the summer, and barriers have 
been built to deflect any future avalanches from the remaining build-
ings (Oaks & Dexter, 1987). Expanding human populations ensure that 
landslides triggered by recreation in mountainous areas will continue to 
increase. 
6.5 Humans manage landslide hazards 
6.5.1 Prediction 
The causes of landslides are well known (e.g., earthquakes, rainfall, con-
struction, land use) but predicting when, where, and how a given slope 
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will fail is difficult (Sidle & Ochiai, 2006). Many factors that indicate 
slope instability have been identified. These include topographical and 
drainage features, properties of bedrock and regolith, and influences of 
gravity and pore pressure as well as vegetation-related factors (see Section 
3.1). Yet soil properties and slope conditions are highly variable within 
even short distances and the timing, nature, and location of trigger events 
are difficult to predict (Keefer & Larsen, 2007). The spatial distribution, 
type, and severity of past landslides are important components of pre-
dicting future landslides because of the assumption that future landslides 
are most likely to occur under conditions that led to past ones (Zezere 
et al., 2004). Predictions oflandslide hazards typically focus on either site-
specific analyses of individual slopes or on larger, regional risks (Haigh 
et al., 1988; Gryta & Bartolomew, 1989; Kull & Magilligan, 1994; Cruden 
& Fell, 1997). Local predictions use a combination of various types of 
field instruments and modeling. Detailed field examinations of vulnera-
ble sites can help detect the timing and extent of historical landslides in 
the area (Larsen & Wieczorek, 2006). Field measurements include pre-
disposing factors such as slope angle, aspect, pore pressure, root cohesion, 
subsurface slippage, and surface deformation, in addition to analyses of 
current and past land use (see Table 3.1). Laboratory analyses examine 
shear strength, mineralogy, and density of the substrate. These data are 
entered into various models to predict landslides, including recent ones 
that incorporate heat and ground water flow (Keefer & Larsen, 2007). 
Regional assessments of landslide hazards can involve integration of 
data about geological conditions, topography, ground water flow, infiltra-
tion rates, seismic records (including distance from an earthquake epicen-
ter), rainfall patterns, and land use (see Table 3.1). Relevant predisposing 
factors (e.g., slope angle, aspect) for past slope instability can be iden-
tified using GIS technology. This way, landslide susceptibility maps are 
obtained that indicate a spatial probability of future landslides (Brenning, 
2005). Landslide hazard maps additionally involve a temporal aspect by 
taking into account recurrence patterns oflandslide triggers (e.g, rainfall; 
Guzzetti et al., 1999; Zezere et ai., 2004). The integration of data through 
GIS technology (Gupta & Joshi, 1990; Wu & Sidle, 1995) increases the 
objectivity of the data compared to earlier methods that relied more 
on professional judgment (Carrara et al., 1991). A combination of satel-
lite images and aerial photographs can supply information on topogra-
phy, including slope and aspect, and the water content of vegetation or 
soils (Menendez-Duarte et al., 2003). Slope and aspect both influence 
radiation and therefore potential evapotranspiration and rainfall (Moore 
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Fig. 6.7. Historical data used to calculate rain thresholds for landslides. Modified 
from Zezere et al. (2004) with permission from the author. 
et ai., 1993). Rainfall intensity and duration preceding a past landslide 
can be used to define critical thresholds for future landslide occurrence 
(Fig. 6.7; Zezere et aI., 2004). The prediction of ongoing erosion after a 
landslide is complicated by additional factors including soil type (Walker 
& Shiels, 2008). Also visible from aerial photographs of large landslides 
are scarps, debris fans, and lakes in dammed valleys where future landslides 
might occur (Nott, 2006). Where forests cloak landscapes, a standard-
ized vegetation index can be computed during droughts and wet periods; 
landslides are typically found where the vegetation is wettest (Kondratyev 
etai., 2002). Vegetation cover also can indicate where plant communi-
ties that have colonized previous landslides differ from the surrounding 
matrix (see Table 3.1; see Section 6.5.2; Lerol etai., 1992; Smith, 2001), 
and suggest disturbance frequencies. For example, in Switzerland, bare 
soil, shrubs, and trees < 2 m tall suggested minimum avalanche fre-
quencies of 1-2 years, while progressively taller and older trees indicated 
lower frequencies (Perla & Martinelli, 1976). Regional data are collated 
with local information to produce maps and models (Highland, 1997). 
Landslide susceptibility maps can sometimes indicate potential severity of 
landslides (Fig. 6.8; Larsen & Torres-Sanchez, 1998; Larsen, 2008). For 
example, in Spain, shallow « 2 m deep) landslides were best predicted 
by daily rainfall totals whereas deeper (> 2 m) landslides were best pre-
dicted by annual net infiltration (annual rainfall minus evapotranspiration; 
Ferrer & Ayala, 1996). Two-dimensional terrain maps can be expanded 
in two more dimensions by reconstructing both the three-dimensional 
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Fig. 6.8. Landslide susceptibility in Puerto Rico. From Larsen & Torres-Sanchez 
(1998) with permission from Elsevier. 
structure of unstable slopes and the chronology of past landslides at a site 
(Brunsden, 2002; Petley, 2010). Such chronologies add a much needed 
temporal component to the usual spatial analyses. Hazard maps are poten-
tially valuable planning tools for land managers, depending on the detail 
and quality of the data used to make them; they are also the only tool 
currently available for predicting deep-seated landslides (Sidle & Ochiai, 
2006). 
Risk models are less static than maps and more easily revised to reflect 
the dynamic conditions of slopes, provided there is adequate information 
about the geology, topography, hydrology, and climate (Larsen & Simon, 
1993; Wang eta!., 2003). Earlier models can also be updated and revised 
as new tools become available (Chau & Lo, 2004). A model developed 
for a northern New Zealand watershed accounted for not only landslide 
susceptibility on 25 x 25 m grid cells, but also for the trajectories of 
sediment runoff and how soil redistribution up slope and down slope 
would affect future landslide frequency (Claessens et ai., 2007). Recent 
advances in landslide prediction include radar interferometry to detect 
early yet subtle landslide movements from satellites (Kondratyev et aI., 
2002; Colesant & Wasowski, 2006), and increasingly sophisticated mod-
els of pore pressures in landslide zones (Iverson, 2005). Statistical tools 
to analyze landslide hazards include bivariate or multivariate approaches, 
multiple regression, logistic regression, discriminate analysis, neural net-
works, generalized additive models, random forests, boosted regression 
trees, and probabilistic analysis (Sidle & Ochiai, 2006; LieB et ai., 2011; 
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Vorpahl et aI., 2012). Apart from purely statistical approaches, process-
based models (also called physically based models) of slope stability incor-
porate a mechanistic understanding of landslide processes. One classical 
approach is the safety factor that calculates the ratio of stabilizing and 
destabilizing forces acting on a slope based on factors related to soil, 
vegetation, hydrology, and terrain (see Section 3.2; Sidle, 1992; Casadei 
et al., 2003). Recent advancements integrate process-based and statistical 
models (Goetz et aI., 2011). 
Biological features oflandslides can help refine landslide hazard models 
(Sidle & Wu, 1999). For example, shrub growth rings have been used 
to determine re-sliding events in Germany (Gers et al., 2001), thereby 
providing a history of past erosion patterns. In addition, vegetation com-
position sometimes correlates with landslide distribution (Fig. 6.9). In 
the northwestern U.S., landslides are more likely to occur in young 
forests (Turner et al., 2010) and in areas of sparse vegetation and low root 
strength (Roering etai., 2003). In the Himalayan Mountains, landslides 
are most likely to occur on slopes with < 40% cover of pine trees (Pinus), 
shrubs, or grasses, and least likely to occur where slopes are covered by 
multi-layered broadleaf forests (Tiwari et aI., 1986). In New Zealand, the 
distribution of kauri trees (Agathis) across the landscape resembled areas 
at risk for landslides (Claessens et al., 2006). In Hong Kong, woodlands 
were less likely to slide than bare slopes or those dominated by grasses 
and shrubs (Zhou et al., 2002). However, in northern India, road cuts 
below forests were more likely to slide than when forests were absent, 
perhaps because remaining forests survived on relatively inaccessible and 
unstable slopes (Haigh et al., 1988). Landslide and tree fall disturbances 
were modeled in the Luquillo Mountains in Puerto Rico (Table 6.2; 
Pederson etal., 1991). Using assumptions based on the few sources avail-
able for tropical landslides at the time, these authors were able to predict 
landslide frequencies (0.29% offorest affected year-1) similar to one mea-
sured in the same forest by Guariguata (1990). Although Pederson et al. 
(1991) noted that slope and rainfall were important causes of landslides, 
they found that soil type was the most important factor for predicting 
landslides in this forest, which is a conclusion supported by more recent 
research (Larsen & Torres-Sanchez, 1996; Shiels et aI., 2008). Pederson 
et al. (1991) also suggested that improvements could be made to their 
model by accounting for recurring disturbances, plant succession, and 
unusual storm events. This modeling exercise demonstrates that when 
one or several landslide triggers dominate, even preliminary models can 
provide realistic estimates of landslide frequency. Because plants vary 
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Fig. 6.9. Vegetation patterns reflect former landslides (vertical white stripes and 
associated shrubby vegetation in center of photo) on cliffs at the North Rim of the 
Grand Canyon, u.s. Note the contrast with the less recently disturbed forested 
slopes (upper right of photo). Photograph by L.R. Walker. 
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Table 6.2. Assumptions for a landslide simulation model for Puerto Rico's 
Luquillo Mountains (Pederson et al., 1991). See text for details 
Triggers 
Slope effect 
Frequency 
Density 
Size 
Disturbance interactions 
Succession 
Model assumptions 
Forest type, slope, soil type, and rainfall 
Exponential increase in landslide probability with 
increase in slope, starting at 10% probability with 
slope of 0° and increasing exponentially to 65% 
probability with slope of 50° 
Mean: 3-6% of a forest erodes every 100 yearsa 
Maximum of 5 x 105 landslides in each 900 m2 grid 
cell per month 1 
Mean: 900 m2 
Any tree fall within a grid increases landslide 
probability by 2.5% 
No re-growth of vegetation after landslides 
a Source: Garwood et al., 1979. 
in their ability to retain soil on slopes (Stokes et aI., 2009), deter ero-
sion from raindrops (see Section 6.5.2), or modify precipitation patterns 
through changes in levels of evapotranspiration (Scatena & Larsen, 1991), 
comprehensive models should include biological parameters. 
Predictions of how much damage a landslide will cause (severity) 
involve estimates of its volume, speed, and width and depth of the 
likely pathway, but also assessments of structures (or human lives) that 
might be affected. The physical attributes oflandslides are determined by 
the geomorphological and climatological calculations noted above. The 
assessment of damage to infrastructures and human lives relies largely on 
past examples. In Iceland, after several snow avalanches killed 34 peo-
ple in 1995, the government required that landslide and avalanche risk 
assessments be conducted in all vulnerable areas. Pooling geographically 
explicit hazard data on a regional scale with information about num-
bers of people in buildings (where they would be safer) or outside, Bell 
& Glade (2004) determined that loss of life in one region of Iceland 
would be 0.009 lives year-1 from landslides and avalanches. Because 
of their speed, frequency, and magnitude, debris flows were considered 
more of a threat than rock falls; they recommended that areas found 
to be high risk locations for debris flows be evacuated and buildings 
removed. Another method for determining landslide risk in urban areas 
is to include assessments of property values, landslide probability, and 
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vulnerability of property. For example, if an urban area had a value of 
$100 x 109 ($100 billion), the probability of a landslide happening to that 
area in the next 10 years was one in 1000 (0.001 or 10-3), and the vul-
nerability was one in 100 (0.01 or 10-2). The product of (100 x 109) x 
(10-3 x 10-2) equals $1 million (Keller, 1996). Prevention costs that did 
not exceed $1 million might therefore be a wise investment given that 
the prevention reduced the landslide hazard to zero. Hazard ratings of 
rock falls along roads also address danger to humans, and they are based 
on such variables as the effectiveness of roadside ditches, road width, line 
of sight distance for oncoming vehicles (to allow evasive action), rock 
size, and rock fall history (Budetta, 2004). 
Predictions of submarine landslides first involve detecting them. With 
devastating tsunamis that can reach shorelines in minutes, prediction of 
submarine landslides is important, but remains in its infancy (Bardet 
et aI., 2003; Masson et al., 2006). In addition to using remote sonar and 
acoustic measurements, ocean cores, and terrestrial deposits, submarine 
landslides are most easily detected when they damage human structures, 
especially submarine cables and harbor facilities (Coulter & Migliaccio, 
1966; see Section 2.2.1). Mitigation measures are usually taken only 
after major disasters prove the unreliability of the site. Following the 
1964 Alaska earthquake, Anchorage and Seward both designated coastal 
strips offlimits to development (see Fig. 2.4), while Valdez relocated the 
entire town to a more geologically stable site 5.5 km away (Hampton 
et aI., 1996). Similar concerns occur around newly filled (or emptied) 
reservoirs where shifting hydrostatic pressures can cause slope instability 
(Gunther et aI., 2004). 
6.5.2 Mitigation 
In some cases, extensive intervention can prevent landslides, and pre-
vention can be 10 to 2000 times less expensive than repairing damage 
following a landslide (Keller, 1996). However, such foresight (and the 
necessary political will and economic resource) is rarely available, so 
humans are usually relegated to mitigation of damage caused by past 
landslides and efforts to reduce damage from re-sliding (Cronin, 1992). 
Mitigation can involve increasing the resisting forces (Holtz & Schuster, 
1996) by constructing physical structures to retain sediments and water 
or by redirecting runoff away from slopes. Retention in watersheds can 
be attempted through small check dams or large catchment basins; linings 
of the drainage surface called groundsills and bed girdles; and retaining 
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Fig. 6. 10. Stabilization of roadside erosion with metal screens in Vermont, U.S. 
Photograph by L.R. Walker. 
walls built from rock, soil, timbers, gabions, concrete, or steel (Ikeya, 
1989; Rollins & Rollins, 1992; Takahashi, 2007; Larsen, 2008). Mesh 
from various materials, both organic and inorganic, as well as grout can 
be spread on slopes (Fig. 6.10), and clays can be heated to become less 
erosive. Dowels, nails, and anchors can be inserted into unstable soils 
and heavy bolts into unstable rocks to improve slope stability (Morton 
& Streitz, 1975; Sidle & Ochiai, 2006). Grading slopes can reduce land-
slide risk, or benches can be cut into a slope when grading the entire 
slope is not feasible (Keller, 1996). However, with all retention efforts, 
both surface and subsurface drainage must be addressed, as increased soil 
pore pressure is the major cause of most landslides (Keller, 1996). For 
example, crops requiring flooded terraces can be replaced by ones that 
do not need flooding. Most check dams allow water and fine materials to 
pass through grates but retain large rocks (Schuster, 2000). Deep-rooted 
plants are often very effective in reducing pore pressure, provided they 
are allowed to grow and are not over-harvested for fodder and firewood, 
as has occurred extensively in Nepal (Amacher et ai., 1996; Bhatt & 
Sachan, 2004; see Section 6.4.2). Ultimately, any retention effort can be 
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overwhelmed by major landslides, as occurred in Mie Prefecture, Japan 
in 2004, where many roads were destroyed by landslides during cyclones 
(Sidle & Ochiai, 2006). 
Redirection of landslide-causing runoff results from installing drains 
at the surface or by burying drains and conduits (Krohn, 1992). Pore 
pressures can be reduced by drainage tunnels and bore holes to collect 
and redirect ground water (Oyagi et aI., 1996). Roads typically have cul-
verts on the up hill side to reduce damage to the road bed, but culverts 
also can minimize erosion, particularly when the runoff is directed away 
from unstable surfaces and toward natural gullies. Blocked culverts can 
cause ponding and potential sliding (Piehl et al., 1988). Similarly, walls 
or buildings can be oriented to direct flow along designated corridors 
(e.g., roads or valleys) and minimize exposure of buildings, or vulnerable 
natural areas (Larsen, 2008). Buffer zones that prohibit permanent build-
ings adjacent to drainages can reduce loss of lives and property. Large 
buildings can sometimes provide physical protection to residents during 
landslides (Larsen & Wieczorek, 2006). Diversion tunnels or spillways 
can reduce the likelihood of natural or man-made dams from failing 
and sending dangerous debris flows downstream (see Fig. 3.5; Schus-
ter, 2000). Pumps and siphons can also reduce lake levels if dam failure 
seems imminent. Snow can be stabilized with structures that retain or 
redirect it to avoid avalanches. However, severe landslides often over-
whelm constructed barriers or diversions, particularly if basins are not 
frequently cleaned out or iflandslides come from unexpected directions. 
An additional problem is when physical structures lead to a false sense 
of security and additional development in landslide-prone terrain, the 
latter an illustration of Jevon's paradox (increased efficiency in resource 
use leads to increased use; Giampietro, 1999). 
Activities to reduce erosion severity are generally disturbance-specific. 
Silvicultural practices that reduce soil erosion include partial cutting to 
leave some trees intact, particularly in gullies, along riverbanks, and on 
steep slopes (Sidle et al., 1985; Dhakal & Sidle, 2003). Brush can be piled 
on slopes to reduce further re-sliding, but can be problematic when it 
traps sediments and overloads unstable soils (Sidle & Ochiai, 2006). Roads 
are likely contributors to landslides in logging operations (see Section 
6.4.1), and minimizing their effects (using aerial cable removal, avoiding 
unstable slopes, planning storage operations on stable ground) reduces 
landslide damage (Sidle & Ochiai, 2006). Road location is critical, with 
fewer landslides resulting from roads that are built on stable substrates 
and in relatively flat terrain (e.g., ridges, valleys). Roads crossing old 
landslide scars are vulnerable because re-sliding can be aggravated by new 
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Fig. 6. 11. Less and more stable ways to build a road on a slope. From Sidle & 
Ochiai (2006) with permission from The American Geophysical Union. 
construction. Undercutting the base (toe) of a slope and overloading the 
top (crown) is destabilizing because it shifts the center of gravity upward; 
loading the toe and cutting back the crown is more stabilizing (Fig. 6.11; 
Sidle & Ochiai, 2006). However, down slope fill should be minimized 
or avoided completely (by carting away all loose material), because down 
slope fill is likely to slide in steep terrain. An exception is when the fill 
is stabilized by retaining walls. In general, reducing the overall length, 
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width, and steepness of roads reduces potential for landslides. Pasture 
erosion can be reduced by keeping grazer densities low and fencing 
off steep sections and drainages that are vulnerable to sliding (Sidle & 
Sharma, 1996; see Section 6.4.2). High grazing intensities can cause 
more erosion and runoff due to reduced litter, vegetation, soil carbon, 
pore volume, and evapotranspiration (Kriimmelbein et ai., 2009). Fire-
triggered landslides can be mitigated by reducing fire frequency and 
intensity, conducting necessary clearings of steep slopes mechanically 
rather than with fire, and replanting slopes with fire-resistant or fire-
resilient vegetation (Sidle & Ochiai, 2006; see Section 6.4.3). Choosing 
vegetation with characteristics that favor slope stability, while minimizing 
those that cause instability (see Table 3.2), is the recommended approach 
to mitigate landslides (Perla & Martinelli, 1976; Nott, 2006). 
Effective mitigation measures result from widespread and persistent 
community support. Such measures include everything from a long-
term commitment to the removal of sediments that build up in catchment 
basins, to ensuring public response to warnings, to pro-active education 
about hazards, to overall policy development that includes integration 
of multiple hierarchical and parallel interest groups and governmental 
agencies (Gori et ai., 2003). Mitigation of landslides in urban areas can 
occur through mapping of landslide risks, zoning, and incentives that 
are either positive (e.g., land swaps) or negative (e.g., costly landslide 
insurance) to avoid development in vulnerable areas. In high-density 
urban areas, building codes can be effective when they require geologi-
cal inspections before construction can begin and limit the areas where 
urban development can occur. Deaths from landslides have declined since 
such codes were introduced in Los Angeles, California, Hong Kong, and 
Japan (Wong et ai., 1997; Smith, 2001). An informed citizenry is most 
likely to respond to warnings, support research into hazard management, 
and provide the basis for on-going political support (Larsen, 2008). Pre-
vention measures need not be complex or costly, particularly if they are 
to find support among residents of mountainous regions in developing 
countries where most landslide fatalities occur (e.g., China, Colombia, 
Ecuador, Nepal, and Nicaragua). However, many fatalities also occur 
in more developed countries (e.g., Japan, Italy, and U.S.; Guzzetti, 
2000; Mortality Statistics, 2011), so mitigation efforts can save lives 
wherever they are successful (Sidle, 2007). Typically, the major impedi-
ment to mitigation is a lack of political foresight (Schuster & Highland, 
2007). 
Warning signs that indicate when a slope is likely to fail can provide 
people with a chance to evacuate before an impending landslide, thereby 
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leading to fewer deaths. Cracks in roads or dams, piles of accumulated 
debris in gullies, retrogressive slumps, leaning or split tree trunks, early 
successional vegetation, few large diameter shrubs or trees, and wet-
land vegetation are all possible signs of unstable slopes (Smith, 2001; 
Sidle & Ochiai, 2006). Rainfall sensors, rainfall threshold models, and 
effective communication links (e.g., trip wires, loud speakers, TV and 
radio alerts) to the affected public are all integral to successful warning 
systems (Giannecchini, 2005; Cavallo & Giannoni, 2006). Roads in Cal-
ifornia and Oregon have warning systems with voluntary compliance 
but in Japan, roads are closed to traffic when critical rainfall thresholds 
are reached and railroads are closed when there are earthquake alerts 
(Sidle & Ochiai, 2006). The U.S. National Weather Service and the U.S. 
Geological Survey developed a warning system for landslides in the San 
Francisco, California region that combined information on geologically 
susceptible areas with rainfall gauges and weather forecasts (Keefer et al., 
1987; Wilcox et al., 2003). Hong Kong has 110 rain gauges that are linked 
to a landslide warning system (Pedey, 2010). However, in addition to the 
difficulty of predicting a given landslide in a specific region, warning 
systems can be less effective when the region of forecasting is large, when 
rain gauges are rendered inoperable by erosion or excessive rain, where 
the landslide is too near at hand, or when populations fail to respond due 
to previous false alarms (Wilcock et aI., 2003; Larsen, 2008). Acoustic 
flow monitors on Mount Rainier, Washington give down slope urban 
residents 30 minutes' warning of potential debris flows; residents ofVar-
gas, Venezuela (Table 6.1) would only have a maximum of 5 minutes 
because they live much closer to the unstable slopes (Larsen & Wiec-
zorek, 2006). Finally, the initial landslide can be just the beginning of 
a series of landslides related to the initial slope failure. Re-sliding is 
often triggered by heavy rains following the first landslide (Pedey, 2010). 
Thus, effective mitigation efforts need to take into account the risk of 
subsequent landslides. 
6.5.3 Restoration 
Restoration is a term that encompasses many processes (Table 6.3), but, 
in the broad sense that we use the term, it is the effort to re-establish some 
of the pre-landslide ecosystem structure and function. This goal can be 
approached initially through reclamation that stabilizes the landslide sur-
face and ameliorates the harsh physical environment, but ultimately needs 
to include not only the biological components of an ecosystem (e.g., soil 
organisms, plants, dispersers, pollinators, herbivores, predators), but also 
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Table 6.3. Dtifinitions of types of restoration activities 
Term 
Reclamation 
Reallocation 
Rehabilitation 
Bioremediation 
Restoration sensu lato 
Restoration sensu stricto 
Definition 
Stabilization, amelioration, increase in utilitarian or 
economic value; rarely uses indigenous ecosystems 
as a model 
Management that deflects succession to a land use 
with increased functionality 
Actions that repair indigenous ecosystem function 
and structure 
The use of plants and microbes to reduce site toxicity 
(a kind of reclamation or rehabilitation) 
Actions that reverse degradation and lead to partial 
recovery of pre-disturbance ecosystem structure 
and function (potentially including all of the 
above) 
Actions that lead to full recovery of pre-disturbance 
ecosystem structure and function 
Modified from Aronson et al. (1993) 
the more subtle ecosystem processes (e.g., nutrient cycling, primary pro-
ductivity, successional dynamics; Table 6.4). Ideally for humans, landslide 
restoration also tries to re-establish any missing ecosystem services, such 
as water purification and slope stability. 
Physical amelioration focuses on reducing the frequency of re-sliding 
(Cronin, 1992) and improving microsites to facilitate dispersal and estab-
lishment of organisms. As described in Section 6.5.2, there are many ways 
that landslides are stabilized, from adding retention walls or redirecting 
surface and subsurface runoff, to altering slopes through terraforming or 
construction of impermeable surfaces. Encasing a slope in an imperme-
able layer of plastic or concrete may be a successful short-term strategy; 
however, all artificial surfaces eventually degrade (Weisman, 2007) and 
lack the resiliency of vegetation and soil, which can repeatedly recover 
despite ongoing disruptions. Biological stabilization includes addition 
of cover plants to reduce surface splash, retention of soils through root 
growth, and facilitation of landslide colonization by other species (see 
Chapter 5). Together, physical amelioration and biological stabilization 
constitute reclamation, which focuses on increasing the utility or eco-
nomic value of the site. Reclamation often introduces new species, new 
functions, and therefore new ecosystems to a landslide and it overlaps 
with the concept of reallocation (Table 6.3). 
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Rehabilitation attempts to re-establish ecosystem structures and func-
tions that approximate conditions in the original ecosystem (restoration 
sensu lato) but do not try to replicate them exactly (restoration sensu stricto; 
Table 6.3). Rehabilitation oflandslides focuses on accumulation of carbon 
and nutrients, dispersal and establishment of organisms, enhancement 
of species diversity, and promotion of desired community and ecosys-
tem processes, including successional trajectories (Table 6.4). Carbon and 
nutrient enhancement begin with physical mitigation of ongoing erosion 
and the creation of surfaces that can retain leaf litter, mulch, or fertilizer. 
The restoration of pre-landslide soil organisms is critical because with-
out these organisms restoration efforts will be ineffective and nutrient 
cycling will be limited. However, such restoration represents a difficult 
task because most landslide organisms are lost through the initial distur-
bance. Pockets of soils that remain become very important nuclei from 
which colonizing soil organisms can disperse (Francescato et al., 2001). 
Restoration activities can also promote sloughing of organic material 
from surrounding soils (e.g., through direct addition to the landslide), an 
example of one beneficial aspect of at least some on-going erosion. When 
soil remnants are scarce, soil organisms must disperse onto landslides by 
wind, water, or gravity (see Chapter 4). These early colonists often face 
arid, unstable conditions on new landslides, yet for some, the open condi-
tions provide competitor-free space to exploit. Mites and Collembola are 
often among the first animal colonists, followed by predators including 
ants and spiders (see Chapter4). Many landslide-colonizing arthropods 
depend on litter, so adding litter or creating microsites that entrap litter 
(e.g., brush, swales, trenches) could potentially increase arthropod densi-
ties as well as nutrient cycling through the positive effects oflitter on soil 
microbes and decomposition. Earthworms and other burrowing animals 
aerate soil and are positively correlated with the presence of soil bacteria 
and leaf litter as well as soil carbon (Li et al., 2005). These early colonists 
are often crucial to the recovery of successional processes and ecosystem 
functions. Soil organisms are central to plant nutrient uptake, largely 
through symbioses such as nitrogen fixation and mycorrhizal fungi. Soil 
bacteria and fungi help stabilize soils (Meadows et al., 1994). Retention 
or addition of soil organic matter improves conditions for soil organ-
isms and subsequent plant nutrient uptake. Organic matter can be added 
directly through additions of brush or other ground cover (Devkota et aI., 
2006a, b) and through soil additions (Shiels et aI., 2006). Any substantive 
restoration effort should address the soil fauna, although such efforts are 
rarely attempted. 
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Fig. 6.12. Retention walls and plantings reduce erosion along the Beijing to 
Bangkok highway, southern China. Photograph by L.R. Walker. 
Facilitated dispersal and establishment of plants and animals provide 
another critical focus of restoration efforts on landslides. Plants can be 
added to landslides as spores, seeds, seedlings, saplings, adults, or cuttings 
(Fig. 6.12). Success rates will be determined by initial site preparation, 
including stabilization and creation of adequate microsites (i.e., not too 
dry, hot, sunny, or infertile). Grass seeds are commonly sown because they 
germinate rapidly, root extensively, provide a thorough ground cover, and 
typically tolerate harsh environmental conditions. Vetiver grass (Vetiveria 
zizanioides) is planted on landslides in Nepal because it quickly grows 
roots that can reach depths of 4 m (Pedey, 2010). However, grasses and 
other early colonists including scrambling ferns (Walker et aI., 2010a) can 
impede establishment of other plants. Re-vegetation is a critical com-
ponent of landslide restoration that can contribute to both long-term 
slope stability and resiliency. Canopy structure and roots must be con-
sidered when choosing plants for restoration of landslides (Stokes et aI., 
2009). Plant canopies and leaf litter intercept rainfall and reduce runoff 
while roots reinforce the stability of soil particles and can anchor unsta-
ble soils when they grow into more stable soils (Ghestem et aI., 2011). 
Large woody plants can reduce the effects of rock falls (Stokes et aI., 
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F(~. 6. 13. Bamboo was planted to stabilize slopes along mountain roads in Puerto 
Rico. Photograph by L.R. Walker. 
2007b). Perennial grasses, including bamboo (Fig. 6.13), can quickly sta-
bilize erosive slopes (Cazzuffi ct al., 2007). Plant roots extract water from 
soil (which then evaporates) and create channels through which subsur-
face water can drain; both processes lower soil pore pressure and have a 
stabilizing effect on slopes. Plants also contribute to soil development; 
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well-developed soils, in turn, help to stabilize slopes because they dampen 
pore pressure and efficiently redistribute rainfall (Keirn & Skaugset, 
2003). Plants with nitrogen fixing symbionts not only increase soil fertil-
ity, but sometimes also act as important sources of leaf litter and micro-
climate amelioration. When they form thickets, nitrogen fixing plants 
can minimize soil erosion and arrest succession, allowing soils to develop 
(e.g., Clitoria ternatea in Nicaragua; Velazquez & Gomez-Sal, 2009). In 
the Kumuan Himalayas of northern India, seedlings of Alnus nepalensis 
planted on landslides contributed two to six times more nitrogen to the 
soil in 2 years than did other seedling species (Chaudhry et al., 1996). 
Dense A. nepalensis growth also reduces erosion on slopes in the eastern 
Himalayas (Sharma & Ambasht, 1985). 
Plants can also decrease slope stability; for example through transmis-
sion of wind forces from the air through the roots to the soil, or because 
they add mass to a slope (see Table 3.2; Sidle & Ochiai, 2006). Other 
potentially negative effects of plants on slope stability include increased 
evapotranspiration, which can l~ad to drier soils, increased cracks, and 
higher infiltration rates (Bell, 1998). Plants that are > 1 m tall can increase 
the erosive forces of raindrops coming through their canopies compared 
to plants that are closer to the ground (Fig. 6.14; Morgan, 2007). Tran-
sitions between types of vegetation cover (e.g., grass cover to forest or 
vice versa) that involve periods of bare soil are also conducive to erosion. 
Plants that are flammable can, upon burning, leave landslide soils exposed 
to erosion (see Section 6.4.3), particularly if fires are repeated (Goudelis 
et al., 2007), or forests are logged following a fire on a slope (Spanos et al., 
2007). Efforts to reduce post-fire erosion can backfire, as found when 
grasses were introduced into sage brush habitat in California (U.S.) to 
reduce erosion but instead resulted in more erosion than the original 
vegetation (Rice et al., 1969). Despite the potentially negative effects of 
plants on slope stability, re-vegetation is an essential restoration tool that 
must be used judiciously to avoid undesirable results (N ott, 2006; Stokes 
et al., 2007a). 
Plant-animal interactions have an important role in community devel-
opment on landslides (see Chapter 4), and therefore can potentially be 
manipulated to improve landslide restoration; however, few studies have 
addressed this issue. The construction of artificial perches on Puerto 
Rican landslides attracted birds that deposited seeds and nitrogen-rich 
feces (Shiels & Walker, 2003). Ground-nesting ants can be important 
aerators of landslide soils and potentially affect plant colonization and 
restoration success through their selective consumption of seeds (Myster, 
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Fig. 6. 14. Soil loss ratios for six different canopy heights (m) and cover (proportion 
of soil surface protected by vegetation cover). The ratio is the loss of surface soil 
particles when covered with vegetation divided by loss with no vegetation present. 
From Morgan (2007) with kind permission from Springer Science + Business 
Media B.V. 
1997; Shiels, 2002). The role of pollinators has rarely been examined 
in succession. The successional status of the vegetation surrounding the 
landslide is presumably important because late successional stages do not 
always provide a ready source of pollinators for early successional land-
slide plants (Dale, 1986; Walker & del Moral, 2003). However, many 
primary seres are colonized by wind-dispersed, self-pollinating plants 
(Rydin & Borgegard, 1991; del Moral & Wood, 1993). When colonists 
are partially or fully self-incompatible, or when invertebrate or vertebrate 
pollinators are threatened (as on some tropical islands; Cox & Elmquist, 
2000), pollination may become a critical factor for colonization (Car-
penter, 1976; Compton et al., 1994). The potential absence of suitable 
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pollinators (Walker & Powell, 1999), as well as the lack of flower and 
seed production due to infertility in early primary succession (del Moral, 
1993), should be considered for restoration, although we have no knowl-
edge of such studies for landslides. Finally, mammals can be important to 
seed dispersal, soil mixing, herbivory, and re-establishment of food webs 
(see Chapter 4). Rodents are active on landslides and potentially impor-
tant in transporting plant propagules between landslides and the sur-
rounding landscape (Shiels, 2002; Samaniego-Herrera, 2003; Geertsema 
& Pojar, 2007). Burrowers such as rabbits, pikas, and rats increase verti-
cal mixing of litter and soil profiles, thereby promoting decomposition 
and nutrient cycling as well as promoting spatial heterogeneity (Willig & 
McGinley, 1999). However, burrows can destabilize slopes and grazers 
such as rabbits can reduce ground cover, including plantings meant to 
stabilize a slope. Other large animals, including bears (Geertsema & Pojar, 
2007), deer Games, 1973), and monkeys (Kaplan & Moermond, 2000) 
forage on landslides and increase connectivity between a landslide and its 
surrounding habitats. However, the precise role of animals in landslide 
restoration is poorly understood. 
Enhancement of species diversity is a common restoration goal, in 
part to increase community resilience to repeated disturbances (Suding 
& Hobbs, 2009a). Increased diversity can also provide both functional 
redundancy and functional diversity. For example, on ten landslides in 
Puerto Rico, functional redundancy among several dozen woody pio-
neers meant that species composition varied greatly among landslides 
but all combinations had similar effects on succession (promotion of 
later successional woody plants; Walker et al., 2010a). Functional diver-
sity was provided by other landslide colonists, particularly tree ferns and 
scrambling ferns, which inhibited plant succession. Restoration on these 
Puerto Rican landslides could optimize success by creating a mosaic of 
the three dominant life forms, each with its own benefits: the immediate 
erosion control of scrambling fern thickets, the fast growth of tree ferns, 
and the long-term successional advantages of woody pioneers. The use 
of mosaics of species has been suggested for the restoration of other 
degraded tropical habitats (Montagnini, 2001; Carnevale & Montagnini, 
2002). Suppression of landslides can have potentially negative effects 
on species diversity when it reduces habitat diversity (Yamamoto et aI., 
1995) or ecosystem processes. In Central America, human expansion 
into mountains that are occasionally affected by multiple landslides may 
reduce overall landslide activity (e.g., by engineering slopes and con-
verting them to artificial structures), thereby removing critical ecosystem 
processes such as gap formation and down slope transfer of organic 
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matter and causing unknown consequences at landscape scales (Restrepo 
& Alvarez, 2006). 
Another way that biodiversity has been increased is through road 
closures in areas where landslides are damaging wildlife habitat (e.g., sed-
iment additions to salmon streams) or forest slopes (Forman etal., 2003). 
Systematic closures of both private and public forest roads have begun in 
the U.S. and Canada (Havlick, 2002). Road closures have many ecolog-
ical benefits, including limiting access by vehicles and humans, reducing 
road maintenance, and thereby not only reducing road-related landslides 
but improving conditions for sensitive and rare aquatic and terrestrial 
species (Liddle, 1997). Slopes with abandoned roads are gradually filled 
in by slumps into the road bed, and plant growth usually begins to 
stabilize the landslides formerly kept active through road maintenance 
and use. Techniques used in road closures that reduce landsliding include 
diagonal trenches across the road bed that divert road drainage to multiple 
points down slope to avoid gully formation, or complete decompaction 
of the road bed and reconstruction of the hill slope topography (Madej, 
2001). 
Long-term vegetation patterns are rarely considered in landslide 
restoration, but without some consideration of successional dynamics 
(including disturbance responses, species interactions, community assem-
bly; see Chapter 5), restoration is unlikely to be successful (Walker & del 
Moral, 2008). One example demonstrates the value of a long tempo-
ral perspective. Claessens et al. (2006) found that a landslide hazard index 
modeled on the basis of physical parameters (e.g., hydrology, slope, aspect, 
and catchment area) was useful in predicting where kauri (Agathis aus-
tralis) trees grew in New Zealand (see Section 6.5.1). Stands of kauri trees 
regenerate by colonizing recent disturbances such as landslides or fires in 
New Zealand, and then provide a long-term signal of that colonization 
event because of their longevity (often> 1000 years) and competitive 
exclusion of angiosperm tree species (Enright et al., 1999). Restorers of 
erosive slopes in the region might consider the long-term stabilization 
provided by kauri trees (Claessens et al., 2006). 
Restoration is essentially the manipulation of succession, so it is impor-
tant to realize that succession does not follow a predetermined trajectory 
but can vary, depending on many factors (Hobbs et al., 2007). New land-
slide surfaces can, for example, be fertile or infertile, stable or unstable, 
with quite different successional trajectories and appropriate restoration 
strategies (Table 6.5; see Fig. 5.3; Walker et al., 1996, 2009). While sta-
bilization is of initial concern on most landslides, subsequent steps in 
landslide succession can also be critical. For example, landslides can be 
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Table 6.5. Successional dynamics and restoration strategies for four different 
landslide substrate conditions 
Substrate condition Successional dynamics 
Unstable, infertile Very slow; stochastic 
interruptions 
Stable, infertile Slow; stress-tolerators 
dominate 
Unstable, fertile Moderately fast; 
interrupted; variable 
rates of change 
Stable, fertile Fast; trajectory dependent 
on colonizers 
Restoration strategies 
Stabilize with plant cover; 
increase fertility 
Promote stress-tolerant ground 
cover; fertilize minimally 
Stabilize 
Monitor; promote biodiversity 
Modified from Walker et aI., 1996, 2009. The first condition typifies many slip faces 
and the last one many deposition zones. 
vulnerable to erosion after the initial colonizing plants die back (Walker 
et aI., 2009). Restoration sometimes attempts to accelerate succession 
through the addition of later successional plants, but on landslides, such 
shortcuts of the normal successional sequence are unlikely to be suc-
cessful without adequate soil development. How species interact can 
also alter assumptions about restoration. Introduction of a species that 
rapidly stabilizes landslide soils (e.g., a grass or a scrambling fern) may 
result in a delay of succession to later stages (Walker et aI., 2009; Walker 
etal., 2010a), but may also allow seeds and organic matter to accumulate 
(Negishi et aI., 2006). Sometimes letting succession occur without any 
manipulation (unassisted succession) is the best approach to restoration, 
particularly in low-productivity ecosystems such as landslides (Fig. 6.15; 
Prach et aI., 2007). 
Modeling landslide succession and results of specific restoration tech-
niques can improve restoration success and indicate when certain efforts 
should be abandoned as counterproductive. Thresholds of effort needed 
to change a landslide ecosystem from one state to another can be modeled 
but are best determined through direct experience. Long-term observa-
tions of succession on landslides under different management strategies 
are important for validation and improvement of model predictions. 
Above all, restoration of landslides must follow a flexible approach, 
where lessons learned are applied through adaptive management to 
future efforts. Indeed, each landslide, despite similar treatment, can end 
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Fig. 6. 15. Suggested mode of restoration based on ecosystem productivity. 
Technical restoration is likely to be more successful in very unproductive 
(e.g., infertile or toxic) or very productive (e.g., eutrophic) ecosystems. Unassisted 
succession can exceed in moderately productive ecosystems where dominance 
by a few competitive species is not expected. From Prach et al. (2007) with kind 
permission from Springer Science + Business Media B. V. 
up following a distinct successional trajectory. Because of our incom-
plete knowledge of landslide succession, the stochastic nature of dispersal 
and repeated disturbances, and the multiple effects species have on one 
another, landslide restoration must aim for broad goals such as slope stabi-
lization, sediment-free drainage, unassisted successional progression, and 
resilience in the face of repeat disturbances (Walker et al., 2009). Most 
restoration activities also occur at limited spatial and temporal scales, 
whereas important ecological processes such as succession as well as geo-
logical triggers of landslides often occur at larger scales (see Fig. 2.1). 
To the extent that some ecosystem services are provided and landslide 
damage is mitigated, landslide restoration can be considered successful. 
6.6 Conclusions 
Humans have lived with landslides throughout their entire history, but 
early cultures were not densely populated enough to be significantly 
affected. Landslides actually offer humans a variety of benefits, including 
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early successional plants used for food, fodder for animals, wood for fuel, 
and fertile soils for crops. However, humans are increasingly vulnerable 
to the dangers of landslides because, as our numbers increase, we have 
expanded our activities on slopes prone to landslides. Our activities have 
also increased landslide frequency and severity. Roads built across slopes 
are a common form of anthropogenic landslide generation. Expanding 
urban and suburban development are other widespread causes of land-
slides. Removal of original plant cover through forestry or agriculture 
generally leads to increased landslide frequency (Turner et ai., 2010) and 
often promotes invasion by non-native plants that may decrease biodi-
versity or be less able to stabilize slopes than the native flora. However, 
both fast-growing native and non-native plants that colonize landslides 
can potentially stabilize erosive slopes, while human activities can reduce 
overall landslide frequency when slopes are stabilized. 
Technological efforts to predict future landslides now include a broad 
array of sophisticated monitoring and modeling tools. However, the 
stochastic nature of landslide timing, direction, and severity limits the 
effectiveness of such tools. Even the most likely landslide scenario often 
has unexpected parameters. Effective prevention of harm depends on a 
cooperative populace with a concern about future events. Nonetheless, 
there are numerous examples of successful mitigation of landslides, par-
ticularly when the causes and trajectories of previous local landslides are 
understood. 
Biological factors are a part of any successful landslide mitigation or 
restoration effort. The biota is much more resilient than abiotic struc-
tures such as dams that ultimately fail. Something is known about how 
initially to stabilize slopes with vegetation and what types of root and 
shoot architectures are most useful. Much less is known about long-term 
efforts needed to maintain slope stability and recover ecosystem processes 
and services. Restoration that needs little or no maintenance is a wor-
thy goal, but slopes are inherently unstable, particularly when modified 
by road cuts, grazing animals, or urban development. Therefore, local 
successes that stabilize local slopes and save lives are worthy achievements. 
Ultimately, human population densities in vulnerable regions will have 
to decline if landslide hazards are to be substantially reduced. Given the 
unrealistic nature of such a scenario, education about landslide hazards 
and full implementation of technological and biological tools need to be 
used. 
